ABSTRACT: The ruthenium hydride [RuH(CNN)(dppb)] (1; CNN = 2-aminomethyl-6-tolylpyridine, dppb = 1,4-bis-(diphenylphosphino)butane) reacts rapidly and irreversibly with CO 2 under ambient conditions to yield the corresponding Ru formate complex 2. In contrast, the Ru hydride 1 reacts with acetone reversibly to generate the Ru isopropoxide, with the reaction free energy ΔG°2 98 K = −3.1 kcal/mol measured by 1 H NMR in tetrahydrofuran-d 8 . Density functional theory (DFT), calibrated to the experimentally measured free energies of ketone insertion, was used to evaluate and compare the mechanism and energetics of insertion of acetone and CO 2 into the Ru−hydride bond of 1. The calculated reaction coordinate for acetone insertion involves a stepwise outer-sphere dihydrogen transfer to acetone via hydride transfer from the metal and proton transfer from the N−H group on the CNN ligand. In contrast, the lowest energy pathway calculated for CO 2 insertion proceeds by an initial Ru−H hydride transfer to CO 2 followed by rotation of the resulting N−H-stabilized formate to a Ru−O-bound formate. DFT calculations were used to evaluate the influence of the ancillary ligands on the thermodynamics of CO 2 insertion, revealing that increasing the π acidity of the ligand cis to the hydride ligand and increasing the σ basicity of the ligand trans to it decreases the free energy of CO 2 insertion, providing a strategy for the design of metal hydride systems capable of reversible, ergoneutral interconversion of CO 2 and formate.
■ INTRODUCTION
The storage of renewable energy in chemical bonds is a promising strategy to address the intermittent nature of renewable energy sources. Carbon dioxide represents an abundant resource for this energy interconversion. The electrocatalytic hydrogenation of CO 2 to liquid fuels such as formic acid is particularly attractive because of its high energy density and convenient storage and transportation. The development of catalysts capable of selective and efficient electrocatalytic reduction of CO bonds is essential for the implementation of such a strategy. 1−5 The one-electron reduction of CO 2 is thermodynamically unfavorable, whereas the two-electron one-proton reduction of CO 2 to formate is greater than 1 V more positive than the oneelectron reduction to CO 2 •− (−1.9 V vs NHE, pH 7). 1 Metal hydrides function as two-electron one-proton reductants, thus making hydride transfer from a transition-metal hydride complex to CO 2 an attractive route for electrocatalytic CO 2 reduction. One potential electrochemical strategy is illustrated in Scheme 1, where (a) chemical reduction of CO 2 by a metal hydride would generate a metal formate and (b) electrochemical regeneration of the metal hydride would release the formate anion. 6−10 Examples of electrocatalytic CO 2 reduction to formate using metal hydrides have been reported. 9, 10 The insertion of CO 2 into a metal−hydride bond is a key step that has been the subject of much recent interest.
11 −31 The energetics and rate of CO 2 insertion have been shown to vary widely with different metals and ligand environments. For efficient and reversible electrochemical CO 2 reduction, the metal hydride must be optimized such that all intermediates on the reaction coordinate for CO 2 insertion are near ergoneutral and energetic barriers are small under ambient conditions. To reach this goal, an understanding of how metal hydrides react with CO 2 and what key features of the complex lead to fast and ergoneutral reactivity are needed.
We have targeted transition-metal catalysts 32, 33 that rapidly catalyze ketone transfer hydrogenation 34, 35 as potential candidates for ergoneutral electrocatalysis.
34, 36 In a typical transfer hydrogenation scheme, the catalyst transfers a dihydrogen equivalent from a dihydrogen donor, typically isopropyl alcohol, to a ketone via a metal hydride intermediate. The ability of these catalysts to reversibly mediate this reaction under mild conditions implies that all catalytic intermediates are in rapid equilibrium and are thus at similar free energies. If such systems could be engineered to act as electrocatalysts, 36 this would ensure that ketone or CO 2 electroreduction would occur close to the thermodynamic potential.
In addition to the optimization of the thermodynamics, the kinetic barriers should also be small. A key principle derived from recent work 35,37−42 is the concept of dual-site cooperativity, whereby a metal hydride in close proximity to a Brønsted acidic site on the ligand backbone facilitates hydride and proton delivery to ketone 42−45 or CO 2 . 21,30,46−49 Such bifunctional activation of CO bonds is a promising strategy to lower kinetic barriers for CO 2 reduction. 21, 30 Baratta and co-workers reported an efficient catalyst for ketone transfer hydrogenation, 50,51 the octahedral ruthenium-(II) hydride [RuH(CNN)(dppb)] (1) bearing an anionic tridentate CNN ligand (CNN = 2-aminomethyl-6-tolylpyridine) and a neutral bidentate phosphine (dppb = 1,4-bis(diphenylphosphino)butane). High turnover frequencies (
) were reported for ketone reduction in refluxing isopropyl alcohol. Previous mechanistic and theoretical studies were consistent with a mechanism where the Ru hydride 1 reacts reversibly with ketones to generate the Ru alkoxide, which exchanges with isopropyl alcohol to liberate the product alcohol and regenerate the Ru isopropoxide 3a (Scheme  2) . 41, 52, 53 The primary amine on the CNN ligand was proposed to be critical to achieving efficient catalysis. Subsequent theoretical studies implicated that, in alcohol solvent, the N− H group of the ligand is part of a hydrogen-bond network that stabilizes the incipient alkoxide formed from Ru hydride addition to the ketone. 41, 53 Herein, we report experimental and theoretical studies which reveal that the Ru hydride 1 rapidly inserts CO 2 to yield the corresponding Ru formate 2 under ambient conditions. Unlike related Ru formate complexes, 21 Ru formate 2 does not readily extrude CO 2 and DFT calculations indicate that the formation of 2 from CO 2 and the Ru hydride 1 is highly exergonic. The thermodynamics and mechanism of this reaction are probed by both experiment and theory, using a DFT-based computational method validated against the experimental free energies (ΔG°2 98 K ) measured for the insertion of various ketones into 1. DFT calculations are further used to predict the influence of ancillary ligation on the energetics of CO 2 insertion to identify complexes that would enable the reversible reduction of CO 2 with ruthenium hydrides.
■ RESULTS AND DISCUSSION
Insertion of CO 2 into Ru Hydride 1. The Ru hydride 1 was prepared by treatment of the corresponding Ru−Cl complex with an excess of sodium isopropoxide in isopropyl alcohol/toluene at room temperature. Filtration of sodium chloride, followed by removal of the solvent from the resulting Ru isopropoxide 3a in vacuo at room temperature, afforded the Ru hydride 1, which was isolated as a red-orange powder. This procedure is slightly modified from that reported by Baratta, 52 as in our hands, the literature procedure afforded an inseparable mixture of chloride and hydride complexes.
The Ru hydride complex 1 reacted upon mixing with carbon dioxide to yield the Ru formate 2 54 (Scheme 3a): when a degassed sample of 1 in tetrahydrofuran-d 8 was exposed to CO 2 at ambient pressure and temperature, the immediate and quantitative formation of the Ru formate 2 was observed by 1 H and 31 P NMR. The progress of this reaction could be followed by UV−visible spectroscopy in tetrahydrofuran at 298 K. Treatment of 1 (3.9 × 10 −5 M) with CO 2 -saturated tetrahydrofuran led to full conversion to 2 within 5 min. Analysis of the kinetics under pseudo-first-order conditions at various concentrations of [CO 2 ] showed the reaction to be first order in [CO 2 ] and first order in [1] according to the rate law
where k 2 = 29. 50 the equilibrium constant for the reaction of 1 with CO 2 must be considerably larger, as we were unable to regenerate 1 from the Ru formate 2 under any accessible experimental conditions. To assess the relative thermodynamics of these processes and to provide insight into the barriers and rates, experimental and theoretical studies were carried out.
To examine the thermodynamics of the reaction of 1 with ketones to form Ru alkoxides 3a−f (Scheme 3b), the equilibrium constant for carbonyl insertion into the metal− hydride bond was determined by 1 H NMR. A dilute solution of the desired ketone was titrated into an 11.5 mM solution of 1 in tetrahydrofuran-d 8 . Equilibration between 1 and the Ru alkoxide was rapidly established at 25°C, and the concentrations of the different Ru complexes were determined by 1 H NMR. The equilibrium constants for carbonyl insertion, K INS , were determined for each reaction according to eq 2, from which the insertion free energies were calculated. The results of these calculations are summarized in Table 1 , entries 1−6.
For this series of ketones, the formation of the Ru alkoxides 3a−f from the Ru hydride 1 are slightly exergonic, with ΔG°2 98 K ranging from −1.59 to −4.22 kcal/mol. Alkoxide formation is most favorable with 4′-fluoroacetophenone, whereas formation of alkoxides from aliphatic ketones becomes less exergonic as the steric demands of the alkyl group increase, with 3,3-dimethyl-2-butanone exhibiting the least favorable insertion free energy.
These experimentally measured values for ΔG°2 98 K of ketone insertion provide a test set of values against which DFT-based computational methods could be validated. The free energies of insertion were calculated and compared to the experimental ΔG°values. Several DFT functionals with triple-ζ basis sets on the nonmetal atoms were evaluated to reproduce the experimentally measured carbonyl insertion free energies (see Table S4 in the Supporting Information): the best agreement was found with ωB97xD, a hybrid GGA functional with longrange dispersion corrections. 55−58 With this combination of functional and basis set, each calculated insertion free energy was within ±1.7 kcal/mol of the experimental value 59 and captured the same trends observed experimentally as the steric and electronic properties of the ketone were varied. These results indicate that this computational method is suited to capture subtle reactivity differences associated with the studied reactions. 59 With an experimentally calibrated computational method in hand, the energetics of CO 2 insertion were evaluated computationally. The DFT-optimized structure of Ru formate 2 is in good agreement with the X-ray structure previously reported 54 (see the Supporting Information). The calculations indicate that the reaction of 1 with CO 2 is exergonic with ΔG°I NS = −10.5 kcal/mol (Table 1, entry 7). This corresponds to an equilibrium constant K INS on the order of 5 × 10 7 and is consistent with our experimental observations that the Ru hydride reacts with CO 2 to generate the Ru formate, but the Ru formate does not readily eliminate CO 2 to regenerate the Ru hydride.
Calculations indicate that the dielectric constant of the solvent does not have a significant effect on the free energies for either acetone or CO 2 insertion into 1. Employing the SMD model for other solvent dielectrics ranging from pentane (ε = 1.8) to dimethyl sulfoxide (ε = 46.8), the predicted insertion free energy values with both carbonyl substrates remain within a few kcal/mol from the tetrahydrofuran results shown in Table  1 (see the Supporting Information).
Predicted Pathway for Ketone and CO 2 Insertion. Transition-metal hydrides can react with CO bonds by both inner-sphere and outer-sphere mechanisms.
35, 38 The innersphere mechanism, common to many insertion reactions, requires an open coordination site for binding the CO double bond, followed by migratory insertion of the hydride to generate an alkoxide. The outer-sphere mechanism 38, 39, 60 involves the cooperative transfer of the hydride from the metal and transfer of a proton from an appropriately positioned X−H bond of the ligand (typically, X = N, 38,39 O 61−63 ). For a coordinatively saturated complex such as 1, a classical innersphere 1,2-insertion into the Ru−hydride bond would require dissociation of an adjacent ligand. 60 ,64−66 Baratta and coworkers provided evidence that dissociation of the cis amine of the CNN ligand in 1 does not occur during transfer hydrogenation. 52 Similarly, we find that the rate of ketone transfer hydrogenation is not altered by the addition of excess 
Inorganic Chemistry
Article free triphenylphosphine, suggesting that dissociation of the bidentate phosphine ligand is not operative during catalysis (see the Supporting Information). From these results, we conclude that the mechanism of carbonyl insertion into 1 is unlikely to involve ancillary ligand dissociation. Previous calculations 41 on the mechanism of transfer hydrogenation with a ruthenium hydride analogous to 1 (bearing the Me 2 P(CH 2 ) 4 PMe 2 (dmpb) ligand rather than Ph 2 P(CH 2 ) 4 PPh 2 (dppb) of 1) in explicit alcohol solvent indicated a key role of a hydrogen-bond network (Scheme 2) to facilitate the formation of the Ru alkoxide from the Ru hydride. 41 It is important to point out that we employed a nonhydrogen-bonding solvent, tetrahydrofuran, for our studies in order to understand the reactivity purely in terms of electronic and steric contributions to the metal−ligand−substrate interactions. We utilized our calibrated DFT method to probe the energetically accessible pathways for the conversion of Ru hydride 1 and acetone into Ru isopropoxide 3a in this solvent, as shown in Figure 1 . These calculations reveal a bifunctional outer-sphere mechanism as the lowest free-energy pathway. This asynchronous delivery of dihydrogen from the Ru hydride and N−H of the coordinated amine ligand to acetone yields the Ru amide and isopropyl alcohol, which readily adds across the Ru−N bond to generate the alkoxide 3a. Similar mechanisms have been calculated for model systems of related bifunctional Ru hydrogenation catalysts. 67, 68 As indicated previously, the calculated free energy for the conversion of 1 to 3a is, at this level of theory, within 0.7 kcal/mol of that measured experimentally.
The calculated free energy barrier for acetone insertion is ΔG ⧧ 298 K = 17.2 kcal/mol. This barrier would correspond to a calculated reaction rate of 1.6 s −1 at 25°C, which is comparable to the initial turnover frequency of 0.5 s −1 measured for the transfer hydrogenation of acetophenone with isopropyl alcohol under basic conditions with catalytic amounts of the Ru chloride precatalyst at 25°C (see the Supporting Information). These calculations reveal that a hydrogen-bonded network 41 is not necessary for the rapid and reversible interconversion of the Ru hydride 1 and the Ru isopropoxide 3a in tetrahydrofuran. The calculated barrier for 1 is higher than that calculated for the dmpb analogue in explicit alcohol solvent, 41 but given the differences in DFT methodology and the influence of the phosphine ligands on the energetics (vide infra), it is difficult to draw any further comparisons.
Similar calculations for the reaction of Ru hydride 1 with CO 2 revealed some similarities and differences with the path calculated for acetone (Figure 2) . The N−H bond of the coordinated amine of the CNN ligand plays a key role in directing the activation of CO 2 toward hydride transfer by hydrogen bonding in intermediate 9. Hydride delivery from ruthenium to CO 2 proceeds via TS 9-10 to generate 10, a contact ion paired intermediate with a relative free energy of +5.0 kcal/ mol. The energetic accessibility of TS 9-10 arises from the strongly donating, anionic CNN ligand that creates an electronrich metal and highly polarized metal−hydride bond, as well as stabilization from N−H hydrogen bonding. Outer-sphere hydride delivery without direct coordination of CO 2 to the metal center has been proposed for other metal hydride complexes, 16,69−73 as well as for the reverse process of formic acid dehydrogenation. 74 The beneficial role of hydrogen bonding with protic amine groups in the secondary coordination sphere of the metal has also been noted. 21, 30 Following the generation of the ion pair intermediate 10, the calculations indicate that the preferred pathway leading to 2 is Notably, the calculated barrier for the formation of the formate 2 from CO 2 /1 (11 kcal/mol) is lower than that for the formation of the alkoxide 3a from acetone/1 (17.2 kcal/mol). In addition, there are some key differences in the calculated reaction coordinates. The calculated pathway for acetone results in the generation of the N−H-bound isopropoxide 5 that abstracts the N−H proton to generate isopropyl alcohol and the five-coordinate Ru amide 7. In contrast, a transition state for proton transfer from the N−H bond in 10 to formate could not be located, and all attempts to locate an on-path intermediate in which both hydrogen atoms are transferred to CO 2 converged to 10. This is attributed to the lower basicity of the formate anion in comparison to the isopropoxide anion.
While an intermediate in which both the hydride and proton from 1 are transferred to CO 2 within the coordination sphere of the complex was not found, we calculated the energy of the analogous fully dissociated speciesthe five-coordinate Ru amide complex 7 and formic acid at infinite separation. As shown in Figure 3 , the generation of formic acid and the amide 7 is energetically unfavorable with ΔG°2 98 K = +23.8 kcal/mol; therefore, we conclude that dihydrogen transfer to yield formic acid is unlikely. Dissociation of formate anion from 5 was also investigated as a possible route to Ru formate 2; however, as seen in Figure 3 , the calculated dissociation of formate from the ion pair 10 is energetically costly.
In Figure 4 , the key bond distances and angles of the ionpaired formate 10 and isopropoxide 5 are compared. The formate species has a longer O−H distance between the anionic oxygen and primary amine and a larger deviation from 180°for the N−H−O angle than 28, both of which demonstrate weaker binding of formate anion to the Ru amine in 10. This weaker coordination enables slippage of the formate anion with a low kinetic barrier. The involvement of a similar transition state for rotation of a loosely bound formate anion has been proposed for CO 2 hydrogenation catalysts. 69, 70, 75, 76 In Silico Approach To Engineer Ergoneutral CO 2 Insertion. The rapid and exergonic reaction of CO 2 with the Ru hydride 1 is likely a consequence of the appropriately positioned N−H bond of the coordinated amine, the presence of highly donating aryl, pyridyl, and phosphine ligands, and the strong C−H bond of the resulting formate. Nevertheless, for the design of energy-efficient electrocatalytic reactions, all intermediates should be in rapid equilibrium with small differences in free energy. While the reactivity of Ru hydride 1 with ketones is close to ergoneutral, the reaction of 1 with CO 2 is more exergonic (ΔG°9 8 K = −10.5 kcal/mol). As the free energy of these reactions is likely to be sensitive to the nature of the ancillary ligation, we carried out a series of calculations to assess the influence of the ligands on the free energy of CO 2 insertion with derivatives of Ru hydride 1.
The overall free energy for the reaction of 1 with carbonyl substrates is given by the sum of the free energies of three reactions: the hydride affinity of the substrate (acetone or CO 2 ), the heterolytic bond dissociation free energy of the Ru alkoxide or formate, and the hydricity of the Ru−hydride bond. This highlights the importance of considering not only the hydricity of the Ru hydride but also the heterolytic bond strength of the Ru−oxygen bond, as both are critical factors determining the overall insertion energetics for a given CO substrate. From our calculations, the hydride affinity of CO 2 is greater than that of acetone by 23.0 kcal/mol (see section 5.7 in the Supporting Information). This inherent difference in substrate hydride affinity is counterbalanced by the difference in the heterolytic bond dissociation free energies of the Ru alkoxide and Ru formate, which results in ΔΔG°I NS = 8.1 kcal/ mol for the overall insertion free energies for acetone vs CO 2 .
The steric and electronic properties of the ancillary ligands will influence the heterolytic bond free energies of the key Ru− hydride and Ru−formate bonds. Appropriate modification of the ligands will tune these bond strengths and thus tune the free energy of CO 2 insertion into the Ru−hydride bond. The effects of such modifications are modeled by our experimentally calibrated computational method in order to a priori optimize the metal hydride catalyst for ergoneutral CO 2 insertion.
To investigate the ligand influence on the thermodynamics of insertion, the ancillary ligand structure of 1 was systematically varied in silico and ΔG°2 98 K for CO 2 insertion was calculated for each modified Ru hydride, as depicted in Scheme 4. The predicted free energies of CO 2 insertion into the Ru−hydride bond for these systems are presented in Table 2 . We define cis and trans ligands relative to the Ru−hydride and Ru−formate bonds.
These calculations reveal that the neutral bidentate ligand in 1 has a substantial effect on the predicted thermodynamics of Inorg. Chem. XXXX, XXX, XXX−XXX CO 2 insertion, exhibiting significant and in some cases surprising cis and trans ligand influences. 77−79 Replacement of the original π acidic phosphine ligand in 1 with the purely σ donating tetramethylenediamine ligand ( Table 2 , entry 2) results in an exergonic reaction with CO 2 , with a calculated ΔG°2 98 K = −14.5 kcal/mol. When only the cis phosphine is replaced with an amine, the reaction is even more favorable, indicating that an increase in the electron-donating capabilities of the cis ligand results in a more exergonic reaction with CO 2 . The isomeric complex with an amine at the trans position (Table 2 , entry 4) is also predicted to react exergonically with CO 2 ; however, this insertion is over 3 kcal/mol less exergonic than that for the parent Ru hydride 1. The weaker trans influence amine in entry 4 stabilizes the Ru−hydride bond in comparison to 1 and simultaneously destabilizes the Ru− formate bond through π-donor−π-acceptor "push−pull" effects. 80 A further increase in π acidity at the cis position is explored with entry 5, for which a substantial decrease in the energetic favorability of CO 2 insertion is obtained, with ΔG°2 98 K = −4.6 kcal/mol.
The trends observed for the various bidentate ligands ( Table  2 , entries 2−5) indicate that increasing the π acidity at the cis position results in a decrease in the ΔG°2 98 K value of CO 2 insertion. Similar effects, though much smaller in magnitude, are observed when altering the π acidity of the cis pyridine ring via introduction of an electron-withdrawing trifluoromethyl or electron-donating methoxy substituent at the para position (entries 6 and 7, respectively). We also predict that switching the order of the phenyl and pyridine rings in the tridentate ligand does not have a significant effect on the energetics of CO 2 insertion (see the Supporting Information).
The series of entries 2−5 in Table 2 also demonstrates the substantial trans influence on ΔG°2 98 K of insertion. We probe this behavior further by using an anionic bidentate ligand in entries 8−11. A bipyridine analogue of the tridentate ligand is selected for these systems in order to maintain an overall neutral charge on the hydride and formate complexes, as well as to simultaneously increase the π acidity in comparison to the original CNN ligand. Introduction of the strongly donating phenyl anion at the trans position results in a dramatic increase in the insertion free energy to ΔG°2 98 K = −19.5 kcal/mol. CO 2 Inorg. Chem. XXXX, XXX, XXX−XXX insertion becomes less exergonic as the basicity of the trans anion group decreases in the order phenyl > hydride > alkoxide > acetylacetonate. Clearly, strong σ donation from an anionic ligand at the trans position is predicted to give very exergonic CO 2 insertion, which is attributed to destabilization of the Ru− hydride bond. Overall, alteration of the electronic properties of the ancillary ligands is shown to be a powerful way to tune the free energies of CO 2 insertion into 1. The reactivity trends from our calculations indicate that the presence of a neutral σ-donating ligand at the trans position is beneficial for decreasing the exergonicity of CO 2 insertion; however, anionic trans ligands are too strongly donating, resulting in very reactive metal hydrides that greatly favor Ru formate formation. Furthermore, we predict that the cis ligand plays a major role in determining insertion energetics, with the introduction of more π-acidic ligands at the cis position to the Ru−hydride bond being critical for attaining near-ergoneutral insertion reactivity. These predictions will guide synthetic efforts toward the preparation of optimized catalysts for CO 2 insertion.
■ CONCLUSIONS
Insertion of CO 2 into the Ru−hydride bond of 1 occurs rapidly under ambient conditions. While the exergonicity of this reaction precludes experimental measurement of the equilibrium constant, insertion of acetone and other ketones is near ergoneutral and the free energies for these reactions were measured by 1 H NMR. These results were used as a test set to select the best DFT-based method to model this class of reactions. The calibrated computational method was used to calculate the free energy of CO 2 insertion into 1 and to shed light on the mechanism for this reaction. The lowest energy predicted path for CO 2 insertion involves hydride transfer to the substrate followed by slippage of a bound formate anion to generate Ru formate 2. Systematic tuning of the ligand environment in 1 in silico predicts that changing the electronic properties at the cis and trans positions has substantial and complementary influence on CO 2 insertion energetics. Such a calibrated computation approach will play a key role in guiding ligand design a priori for ergoneutral insertion of carbonyl substrates and predicting the energetic accessibility of relevant intermediates on the pathway for reversible CO 2 insertion.
■ EXPERIMENTAL SECTION
Materials and Methods. All manipulations were carried out under an inert atmosphere of nitrogen or argon with the use of standard vacuum line, Schlenk, and glovebox techniques. Solvents and ketone substrates were dried by standard methods and degassed via three freeze−pump−thaw cycles. Sodium isopropoxide (Strem Chemicals) and CO 2 (Ultra High Purity, Praxair) were used as received. 6-Bromo-2-pyridinecarboxaldehyde, 6-(4-methylphenyl)-boronic acid, and hydroxylamine hydrochloride were purchased from Sigma-Aldrich and used as received. Deuterated solvents for NMR were purchased from Cambridge Isotope Laboratories. NMR spectra were recorded on Varian 500 or 600 MHz spectrometers. Residual solvent proton and carbon peaks were used as reference. Chemical shifts are reported in parts per million (δ).
Synthesis. The CNN ligand, 2-aminomethyl-6-tolylpyridine, was synthesized by a modified procedure from the reported synthesis in order to avoid the use of cyanide reagents. 52 The Ru chloride precatalyst [RuCl(CNN)(dppb)] was prepared according to the literature procedure. 50 6-(4-Methylphenyl)-2-pyridinecarboxaldehyde. This synthesis was based on the preparation of a similar compound. 81 6-Bromo-2-pyridinecarboxaldehyde (5.0 g, 26.9 mmol) and Pd(PPh 3 ) 4 (0.93 g, 0.80 mmol) were dissolved in degassed toluene (50 mL) in a threeneck round-bottom flask equipped with a reflux condenser. A degassed solution of p-tolylboronic acid (4.0 g, 29.4 mmol) and Na 2 CO 3 (5.2 g, 49.1 mmol) in methanol/water (2/3, 125 mL) was transferred to the reaction flask via cannula. The biphasic mixture was heated to reflux overnight under N 2 . The mixture was diluted with dichloromethane (20 mL) and 2.0 M Na 2 CO 3 (100 mL). The aqueous phase was separated and extracted with dichloromethane (3 × 50 mL). The combined organic extracts were dried over Na 2 SO 4 and evaporated to a yellow residue. The crude product was purified by column chromatography on silica with 1/1 dichloromethane/hexanes, giving the product aldehyde as a white powder. Yield: 88% (4.67 g). 1 6-(4-Methylphenyl)-2-pyridinecarboxaldehyde Oxime. A solution of 6-(4-methylphenyl)-2-pyridinecarboxyaldehyde (4.0 g, 20.3 mmol) and hydroxylamine hydrochloride (3.8 g, 54.7 mmol) in ethanol (150 mL) was stirred overnight at room temperature under N 2 . The solvent was removed under reduced pressure to give a white solid, which was dissolved in dichloromethane (100 mL) and saturated Na 2 HCO 3 (100 mL), and this mixture was stirred vigorously for 30 min. The aqueous layer was extracted with dichloromethane (2 × 50 mL). The combined organic extracts were dried over Na 2 SO 4 and evaporated under reduced pressure to give the oxime as a white crystalline solid. Yield: 95% (4.09 g). 1 2-Aminomethyl-6-(4-methylphenyl)pyridine. This synthesis was based on the preparation of a similar compound reported by Baratta et al. 82 To a solution of the oxime (4.0 g, 18.8 mmol) in degassed ethanol/water (1/1, 120 mL) were added ammonium acetate (1.9 g, 24.6 mmol) and aqueous ammonia (80 mL). The solution was stirred under nitrogen for 30 min, followed by the slow addition of zinc dust (6.8 g, 104 mmol) over 2 h. The mixture was heated to reflux under N 2 for 3.5 h. After it was cooled, the mixture was filtered and the filtrate was condensed under reduced pressure. The resulting residue was basified with 1 M NaOH (100 mL) and extracted with diethyl ether (3 × 50 mL). The combined organic extracts were dried over Na 2 SO 4 and evaporated to yield the crude product as a yellow oil. Purification by column chromatography on silica gave the CNN ligand as a white powder. Yield: 70% (2.62 g). NMR spectra are consistent with those reported in the literature. 52 [RuH(dppb)(CNN)] (1). Attempts to synthesize 1 by the published procedure 52 were not successful, resulting in a mixture of chloride and hydride complexes. We prepared 1 by treatment of the Ru chloride complex [RuCl(CNN)(dppb)] with an excess of sodium isopropoxide in an isopropyl alcohol/toluene solvent mixture at room temperature.
[RuCl(dppb)(CNN)] (100 mg, 0.13 mmol) was dissolved in toluene (10 mL) under argon. A solution of sodium isopropoxide (100 mg, 1.2 mmol) in isopropyl alcohol (10 mL) was prepared and added to the ruthenium chloride solution via cannula under argon. The red solution was stirred at room temperature under argon for 20 h. The solution was diluted with pentane (70 mL), cooled to −78°C for 2 h, and then filtered through Celite. The red-orange filtrate was evaporated under reduced pressure. The resulting orange residue was washed with isopropyl alcohol (10 × 1 mL) and dried under vacuum to give 1. Yield: 56% (53 mg). NMR spectra are consistent with literature values.
50
[Ru(OCHO)(dppb)(CNN)] (2). Ru hydride 1 (5.0 mg, 0.0069 mmol) was dissolved in tetrahydrofuran-d 8 (0.6 mL) in a sealable NMR tube in an inert-atmosphere glovebox. The sample was degassed by three freeze−pump−thaw cycles and then refilled with carbon dioxide. The solution changed from orange to yellow upon mixing, consistent with insertion of CO 2 to yield the Ru formate 2. Full conversion of Ru hydride 1 was confirmed by 1 H and 31 P NMR. Spectra are consistent with those reported in the literature. 54 
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Article Representative Procedure for NMR Equilibrium Studies with 1. In a typical experiment, 1 (5.0 mg, 0.0069 mmol) was dissolved in tetrahydrofuran-d 8 (0.6 mL) with the internal standard p-xylene (0.0081 mmol) in a sealable NMR tube in an inert-atmosphere glovebox. A solution of ketone (0.10−0.19 M) was prepared in tetrahydrofuran-d 8 , which was added in 25 μL aliquots via gastight syringe under inert conditions. After each aliquot addition, the solution was equilibrated at 25°C prior to recording the 1 H NMR spectrum. Conversion of 1 and formation of Ru alkoxide were determined from their integrations relative to the internal standard.
Computational Details. All Kohn−Sham density functional 83−85 calculations were performed using the long-range corrected hybrid functional ωB97xD. 55−58 Basis sets of triple-ζ quality plus polarization functions (6-311G*) 86−89 were used for all non-hydrogen atoms except ruthenium. Polarization functions were omitted for hydrogen atoms nonessential to the reaction pathway. Hydrogen atoms on the primary amine of the CNN ligand as well as those transferred between the alcohol and the complex were described by the same triple-ζ basis set along with added polarization and diffuse functions. The LANL2DZ basis set 90,91 of double-ζ quality was employed for ruthenium. The corresponding Los Alamos effective core potentials included one-electron velocity and Darwin relativistic effects. All calculations were performed using the quantum chemistry software package Gaussian09. 92 Geometry optimizations were performed in the gas phase using tight convergence criteria and ultrafine integration grids for the four-center−two-electron integrals. We used this method to overcome convergence issues in the self-consistent-field iterations. Gaussian09's QST2 and QST3 algorithms were used to locate transition states, which were subsequently verified by structure reoptimization after subjection to small perturbations along their imaginary mode (performed twice in opposite directions to recover reactants and products). In addition, intrinsic reaction coordinate (IRC) 93 analyses were performed for all transition states in the forward and reverse directions and the end points of the obtained paths were optimized to locate stationary points connected by the respective transition states.
The SMD 94 polarizable continuum solvation model was employed to account for nonspecific solute−solvent interactions. To compute gas-phase reaction free energies, reactants and products were optimized in vacuo to obtain geometries and electronic energies. Using the gas phase optimized structures, harmonic frequency calculations were performed to obtain thermal corrections to the Gibbs free energies. 95, 96 The free energies of solvation of the reaction partners Δ sol G(reac) and Δ sol G(prod) were computed for the gasphase minimum energy configurations. The reaction free energy change in solution is thus approximated by eq 3: The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.inorgchem.5b02556. NMR spectra, UV/vis absorbance data and CO 2 insertion kinetics, ketone insertion equilibria, transfer hydrogenation experimental details, DFT energies and coordinates of intermediates and transition states, sample input files, comparison of X-ray and DFT structures of 2, tabulated insertion energies computed for a range of solvents, example thermochemical cycle, and bond length changes during key transition states (PDF) 
